Abstract A novel inhibitor of prolyl endopeptidase, the propeptin analog propeptin-2 (C 105 H 130 N 24 O 24 ), missing two amino acid residues from the propeptin C-terminus was isolated from the fermentation broth of propeptinproducing Microbispora sp. SNA-115 grown using a large inoculum. It shows the same enzyme inhibition activity as propeptin against prolyl endopeptidase (Kiϭ1.5 m M), but its antimicrobial activity against Mycobacterium phlei is more than 100-fold lower.
Prolyl endopeptidase (PEP; post-proline cleaving enzyme; official name: prolyl oligopeptidase; EC 3.4.21.26) cleaves peptide bonds at the carboxyl side of proline residues and hydrolyzes biologically active peptides containing proline, such as vasopressin and substance P [1, 2] . It may also be involved in diseases such as Alzheimer's disease and bipolar affective disorder [3ϳ5] . Meanwhile, effective antituberculosis drugs with novel structures and mechanisms of action have not been developed in over 30 years. Moreover, the increase in Human Immunodeficiency Virus (HIV) and cancer patients has resulted in the spread of opportunistic bacteria, such as the Mycobacterium avium complex (MAC).
Propeptin ( Fig. 1(a) ) is an atypical cyclic peptide compound that has an amide bond between the a -amino group of the amino-terminal Gly1 and the b -carboxyl group of Asp9, and consists of 16 L configuration amino acids and 3 glycines [6, 7] . It is produced by some Microbispora spp., such as Microbispora rosea (IFO14044), Microbispora rosea subsp. nonnitritogenes (IFO14045) and Microbispora indica (IFO14879), but not by Microbispora parva (IFO14043) [8] . Propeptin competitively inhibits the enzyme activity of prolyl endopeptidase (Kiϭ0.7 m M) and also has antimicrobial activity against Mycobacterium phlei IFO3158 (Inhibition zoneϭ12ϳ15 mm at 40 mg/disc) [6, 9] . Peptide compounds similar to propeptin have been reported, including anantins (Gly-Asp type) [10, 11] , RES-701s (Gly-Asp type)
[12ϳ15], microcin J25 (Gly-Glu type) [16ϳ18] and lariatins (Gly-Glu type) [19, 20] with the "lariat protoknot, lasso structure", but they have different biological activities. In addition, the producing strains differ; Microbispora spp. (propeptin), Streptomyces spp. (anantins and RES-701s), Escherichia coli (microcin J25), and Rohdococcus sp. (lariatin). As these cyclic peptide compounds, although related in some aspects, are unique compounds with respect to structure, biological activity and producing strain, we searched for novel propeptins by analyzing the broth from Microbispora sp. SNA-115 following changes in fermentation conditions. HPLC detected a new peak in broths grown from large inoculum and/or extendedfermentation experiments, and we subsequently identified a propeptin that was missing two C-terminal amino acids ( Fig. 1(b) ). In this report, we describe the isolation, structural elucidation and biological activity of this novel propeptin analog, designated propetin-2.
The seed medium consisted of 2.0% glucose, 1.0% soluble starch, 0.1% meat extract, 0.4% dried yeast, 2.5% soybean flour, 0.2% NaCl and 0.005% K 2 HPO 4 (pH 6.7, before sterilization) in a test tube (13ϫ180 mm, 5.0 ml of the medium, reciprocal shaker (120 rpm)). To determine production of propeptin-2, we analyzed propeptin and propeptin-2 by HPLC during the fermentation period. In a previous paper, propeptin was produced after 2ϳ3 days in a 500-ml Erlenmeyer flask with 70 ml of the medium (200 rpm, rotary shaker) and gradually increased over 5 days [8] . In this experiment, the ratio of propeptin-2 to propeptin gradually increased over 20 days (Fig. 2) . Propeptin was detected as two peaks (two conformers) on HPLC analysis, and propeptin-2 was detected as one broad peak [Detector: PDA (JASCO MD-910, SHIMADZU); Column: Capcell Pak 4.6ϫ150 mm (SHISEIDO); Solvent: CH 3 CN -0.1% TFA (40 : 60); flow rate: 1.0 ml/minute]. Propeptin-2 may be produced via digestion of propeptin by a specific dipeptidyl carboxypeptidase with angiotensin-converting enzyme-like activity. When sorbose replaced glucose as a carbon source, production of propeptin-2 increased by approximately 5-fold (data not shown).
For isolation of propeptin-2, fermentation was carried out using a large inoculum. Seed culture (500 ml) prepared as described above (former seed culture was 140 ml to 18 liters [6] ), was transferred into 18 liters of the same medium in a 30-liter jar fermenter. Fermentation was carried out at 28°C for 9 days (pH 7.8) and mycelia were obtained by filter press. Isolation of propeptin and propeptin-2 was performed according to published methods [6] , except that acetone was used for mycelium extraction and we used an additional BuOH extraction. Propeptin (584.4 mg) and propeptin-2 (114.6 mg) were isolated from the 36 liters of broth as brownish white powders.
The UV spectrum (280 nm (e 11014)) and optical rotation of propeptin-2 ([a ] D 24 ϭϪ72.4°(c 0.1, MeOH)) were similar to those of propeptin [6] , m/z 1056.4918), and a lack of the Ser-Pro residue appeared to be the most logical change to account for the difference in the formula relative to propeptin. Although the 1 H-and 13 C-NMR signals of propeptin-2 in DMSO-d 6 were not resolved, as in the case of propeptin, the observed signals were similar in pattern to those of propeptin. Structural elucidation of propeptin-2 was performed using the same method as for propeptin [7] . N-Terminal sequence analysis was attempted by automated Edman degradation (SHIMADZU PPSQ-21 protein sequencer). As in the case with propeptin, no amino acids were detected in propeptin-2 using Edman procedures. After trypsin digestion of propeptin-2 (30.0 mg, Trypsin TPCK treated (SIGMA, 31000 units), 37°C for 5 hours) to the C-terminal arginine, a quasi-linear peptide designated propeptin-2 T (9.6 mg), was isolated by HPLC. The ESI-MS spectrum of propeptin-2 T indicated a (Mϩ2H) 2ϩ ion at m/z 1065. The molecular formula was determined by HR-ESI-MS as C 105 In Edman procedures, although the first amino acid was not detected as it is abnormal (Asp9 is connected to the Nterminus of the Gly1 with a chain of 7 amino acids), only the sequence of amino acids 10 (Leu) to 17 (Ile) was detected using propeptin-2 T (Fig. 1(b) ). ESI-MS-MS was used to obtained sequence information. ESI-MS-MS analysis of propeptin-2 showed that all fragment ion peaks were consistent with the sequence of amino acids 10 (Leu) to 13 (Gly). No complete sequence information was obtained by ESI-MS-MS analysis of propeptin-2 T due to limitations in fragmentation efficiency. However, the major fragment ions observed in the ESI-MS-MS spectrum of propeptin-2 T were consistent with the amino acid sequence from residues 1 (Gly) to 9 (Asp), as shown in Fig. 1(b) (data not shown).
The complete amino acid composition was obtained following acid hydrolysis. Propeptin-2 was hydrolyzed with 4 N methane sulfonic acid at 90°C for 24 hours and amino acid analysis of the hydrolysate showed the presence of 17 amino acids (molar ratio) (JEOL JLC-500N): Asp (2.40), Thr (0.86), Gly (3.50), Ile (1.01), Leu (1.13), Tyr (1.78), Phe (1.56), His (1.02), Trp (1.52), Arg (1.02) and Pro (0.72). Ser was not detected and Pro was only detected at one molar equivalent in propeptin-2. All amino acids, except Gly, were determined to be L configuration using the enantiomer labeling method (SHIMAZU-CAT model DLAA-1). These data suggest that propeptin-2 lacks two amino acid residues from the C-terminus of propeptin ( Fig.  1(b) ).
Propeptin inhibits the protease activity of prolyl endopeptidase and the growth of M. phlei [6, 9] . Prolyl endopeptidase (Flavobacterium) and substrate (Z-Gly-PropNA) were purchased from Seikagaku Kogyo Co., Ltd. PEP inhibition assay using culture broth was performed, and inhibition activity of propeptins was measured, as described previously [21] . A loopful of M. phlei IFO3158 from a mature slant was inoculated into 10 ml of seed medium composed of 3.0% glycerol, 0.5% meat extract, 1.0% peptone and 0.3% NaCl (pH 6.8, before sterilization) in a test tube (13ϫ180 mm). The inoculated tube was incubated at 37°C without shaking for 4 days, and 12.5 ml of medium with 1.0% agar containing 2.5 ml of culture broth was used to prepare one culture plate for antimicrobial assay. Antimicrobial activity was determined using the conventional paper disc method (thickness, 8 mm, ADVANTEC) with incubation at 37°C for 2 days. Propeptin and propeptin-2 exhibited similar inhibition kinetics as PEP, i.e., competitive inhibition, with Ki values of 0.7 mM (1.6 mg/ml) and 1.5 mM (3.1 mg/ml), respectively (Fig. 3, Table 1 ). These results confirm that the Ser-Pro residues are not required for PEP inhibition. In contrast to PEP inhibition, the antimicrobial activity of propeptin-2 against M. phlei was not measurable (Table 1 ). There was no inhibition zone resulting from propeptin-2, even at 4 mg/disc, which represents a decrease in antimicrobial activity of over 100-fold. Thus, the two C-terminal amino acids (Ser-Pro) play a critical role in the antimicrobial activity. The Ser-Pro residues of propeptin may thus be involved in drug permeability and/or activity against the molecular targets involved in the antimicrobial activity.
As shown by HPLC analyses of the fermentation broth, the propeptin peak was gradually replaced by the propeptin-2 peak (Fig. 2) . Taken together with the structural data, this suggests that propeptin-2 is an enzyme digestion product of propeptin, possibly catalyzed by a specific dipeptidyl carboxypeptidase. In fact, when isolated propeptin was incubated with either broth filtrate (from 20 days) or commercial angiotensin-converting enzyme, propeptin was apparently converted to propeptin-2 in a time-dependent manner (HPLC data not shown). However, propeptin-2 was not detected in the original fermentation broth under conditions used for production of propeptin. The two C-terminal amino acid residues of propeptin may be important for drug permeability through the membrane and/or interaction with the molecular targets of antimicrobial activity. Modification of these amino acid residues may therefore provide novel and more potent antimicrobial compounds. We are also interested in potential proteinase activities in Microbispora, particularly dipeptidyl carboxypeptidase-like angiotensin-converting enzymes. Propeptin-2 1.5 0 Fig. 3 Dixon plot of inhibition of prolyl endopeptidase by propeptin-2.
1/v was defined as 1/D 410 nm.
